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Large Tailed Spindle Viruses of Archaea: a New Way of Doing Viral

Business
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Viruses of Archaea continue to surprise us. Archaeal viruses have revealed new morphologies, protein folds, and gene content.
This is especially true for large spindle viruses, which infect only Archaea. We present a comparison of particle morphologies,
major coat protein structures, and gene content among the five characterized large spindle viruses to elucidate defining charac-
teristics. Structural similarities and a core set of genes support the grouping of the large spindle viruses into a new superfamily.

iruses infecting hosts in the third domain of life (Archaea)

have long fascinated virologists due to their unusual mor-
phologies and unique genetic content (1, 2). This is particularly
true for the large tailed spindle viruses, which infect only Archaea.
These viruses package circular double-stranded DNA (dsDNA)
genomes within spindle (or lemon)-shaped virions and have tails
protruding from one or both ends. To date, five of these large
spindle viruses have been isolated from crenarchaeal hosts repli-
cating in high-temperature hot springs around the world. These
include the Acidianus two-tailed virus (ATV), Sulfolobus
tengchongensis spindle-shaped virus 1 (STSV1) and STSV2, and
Sulfolobus monocaudavirus 1 (SMV1) (3-7). The fifth member is
a new virus, Acidianus tailed spindle virus (ATSV; proposed
name), which we recently isolated from Crater Hills Alice Spring,
a high-temperature (80°C) acidic (pH 2) hot spring in Yellow-
stone National Park (USA) (Fig. 1A). The 71-kb circular dsDNA
genome of ATSV shares ~25% of its genes with STSV1 and -2 and
asmaller subset with the other large spindle viruses. We and others
(8) propose that large spindle viruses are distinguished from the
smaller spindle-shaped Fuselloviridae archaeal viruses based on
fundamental differences in their major structural proteins, ge-
nome content, and overall virion structures.

The virion structures of large spindle viruses are often pleo-
morphic, and for each specific virus, the dimensions of the central
lemon-shaped capsid can vary in width and length. For example,
ATSV dimensions range from 69 by 133 nm to 138 by 221 nm. The
ATSV tails also vary greatly in length, ranging from 35 to 720 nm.
Tail lengths are also variable in STSV1 and -2 and SMV1. In con-
trast to these single-tailed viruses, ATV is initially released from
the infected cell as a tailless virion (3). Remarkably, extracellular
ATV then develops two elongated tails extending from opposite
ends of the spindle-shaped head. In rare cases, two-tailed particles
have also been observed for some of the single-tailed viruses (4, 6).
However, there is no evidence yet that these tails extend once
progeny virions are released from the infected cell. Importantly,
cryoelectron tomography suggests that unlike the classical head-
tailed structures of some bacteriophage, the tails of these large
spindle viruses are a continuous structure with the spindle head
(Fig. 1A). Finally, both ATV and ATSV have 5-nm-width tail fi-
bers extending 15 to 25 nm from the tips of their tails that are likely
involved with attachment to their host cell surface. While tail fi-
bers have yet to be reported for the others, STSV1 and -2 attach to
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host cells at the tip of their tails, indicating that there is some sort
of attachment structure present (4, 5).

Despite some differences in virion structure, all five large spin-
dle viruses share a major coat protein (MCP), with the ATSV MCP
showing >39% identity to each of the other MCPs over the N-ter-
minal half of the protein (Fig. 1B). We have recently determined
the crystal structure of the ATSV MCP (Fig. 1C). The structure
revealed a right-handed, antiparallel 4-helix bundle lacking over-
hand connections, with a fifth C-terminal helix coming off the
helical bundle at a 50° angle. In addition, an extended loop con-
nects the third and fourth helices. The fold of this structure is quite
similar to that of the ATV MCP, P131 (9). In ATV, however, the
fourth helix is kinked, and the fifth helix extends off the 4-helix
bundle at a different angle than the fifth helix of ATSV. Sequence
alignment of the MCPs of the 5 large spindle viruses indicate that
helices 1 and 2 are well conserved but that the C terminus is more
variable (Fig. 1B). However, there is close structural alignment of
the ATSV and ATV proteins despite their lack of C-terminal
amino acid identity (Fig. 1B and C). Thus, the MCPs of STSV1 and
-2 and SMV1 are also expected to adopt a right-handed, antipar-
allel 4-helix bundle motif, similar to those of ATSV and ATV.
Because it is the dominant protein in the virion, and because the
ATSV virion appears as a continuous structure that smoothly
transitions from head to tail, we propose that the MCP of ATSV
contributes to the structure of both the spindle and the tail. How
these helical proteins might form a spindle-shaped virus is an
outstanding question in structural virology, with important im-
plications for virus assembly, maturation, and infection.

Among Archaea, this MCP topology appears unique to the
large spindle viruses. While the Fuselloviridae share similar spindle
shapes, their MCPs (e.g., SSV1 VP1) are smaller and predicted to
have two conserved transmembrane domains (8). Interestingly,

Accepted manuscript posted online 17 June 2015

Citation Hochstein R, Bollschweiler D, Engelhardt H, Lawrence CM, Young M.
2015. Large tailed spindle viruses of Archaea: a new way of doing viral business. J
Virol 89:9146-9149. doi:10.1128/JV1.00612-15.

Editor: J. Pfeiffer

Address correspondence to Mark Young, myoung@montana.edu.
Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00612-15

September 2015 Volume 89 Number 18


http://dx.doi.org/10.1128/JVI.00612-15
http://dx.doi.org/10.1128/JVI.00612-15
http://jvi.asm.org

Gem

ATSV E !
STSV1 E QG K end I
STsv2 MA-RD QG!
SMV1 DE FK RD KAILDGKIT DNAGLKK
ATV DMFENGQLI— KP--YRNK|
ATSV QAQSE QAKLTE MQ| NRNPQGV!EEEQELATQGI
STSV1 AAKAPAY-TNPTPGLTMQASM
STSV2 NIA Q MST KAPSTFTN PTSNLTMQTTA
SMV1 MGEQDVEIL---------- YMP !IRL SGM
ATV SGEQSQPI---------- - GEVI —— KAFL SPATQVRNIEREEVLSKGAKKLAQAMAS
D Putative pairwise | identical Virus ORF name
function identity (%) | sites (%) | ATSV |[ATV| SMV1 |STSV1|STSV2
Major coat protein 38.1 145 ORF17 | gp42| ORF122 | ORF40 | ORF37
C Large coiled coil 20.5 1.3 ORF64 | gp50 | ORF2028 | ORF34 | ORF31
Large transmembrane 40.1 155 ORF26 | gp71 | ORF1550 | ORF54 | ORF51
Transmembrane 351 8.8 ORF18 | gp60| ORF757 | ORF41 | ORF38
AAA ATPase 22.6 6 ORF6 |gp53| ORF503 | NA | ORF48
ATPase - DNA repair 305 7.5 ORF21 | gp55| ORF307 | ORF69 | ORF69
Integrase 60.5 433 |ORF68 |gp72| ORF242 | ORF56 | ORF54
MoxR ATPase 18.8 6 ORF29 | gp66 | ORF588 | NA NA
Virion protein 30.8 17.5 ORF87 | gp62| ORF153 NA NA

E ATSV ORF70
=]

oo mo0o0 @ m § 5Emm=
= —
SMVlORF2028
oo a a 00 0

ATV g 25

000 o D EE0 @0 B0 00 =
STSV1 ORF34

Dl m oo 1 0 0@0 0 oE 00 n o
STSV2 ORF31

0 m = H0 Q000 EEE 0 o =
ATV gp48

=) DoEn o

[[Coiled-coil [JTransmembrane helix I Repeat

CH/NL 1 (21)

0

w,
{?0

- <

FIG 1 ATSV virion and MCP structure and genomic analysis of large spindle viruses. (A) Central section through tomogram (top) of an unstained vitrified ATSV
showing a continuous structure throughout the body and tail and negatively stained electron micrograph (bottom) showing variable tail length. Scale bars, 200

m. (B) MUSCLE alignment of large spindle virus major coat proteins with ATSV and ATV helices from crystal structure. (C) Crystal structures of ATSV (left)
and ATV (right). Blue, N terminus; red, C terminus. (D) Shared large spindle virus proteins. Average percent pairwise identity and percent identical sites were
determined by MUSCLE alignment. (E) Large coiled-coil proteins with features highlighted, as predicted by Coils (coiled coils), RADAR (rapid automatic
detection and alignment of repeats in protein sequences) (repeats), and TMHMM (transmembrane helices). (F) Neighbor-joining tree of MUSCLE alignment
of large spindle virus MCPs and homologs from Yellowstone hot spring viral metagenomes showing a high level of diversity of large spindle virus types. Results
are shown for Nymph Lake hot springs 10, 17, and 18 (NL), Crater Hills Alice hot spring (CH), and One Hundred Spring Plains hot spring (OSP). Number in
parentheses indicates the number of sequences in group. The scale bar represents 0.2 amino acid substitutions per site. Bootstrap values from 1,000 replicates are

shown.

structural work on Sulfolobus islandicus rod-shaped virus (10) and
Acidianus filamentous virus (11) reveals MCPs with antiparallel
4-helix bundles at their core. However, these are left-handed 4-he-
lix bundles rather than the right-handed bundles seen for the
large-tailed spindle viruses (see reference 12 for topological defi-
nitions).

In addition to a shared structure for their MCPs, the large
spindle viruses share similar genome structures and sizes. They
have the largest known genomes among archaeal viruses, between
48 and 76 kbp, and contain 51 to 96 open reading frames (ORFs).
All are circular, double-stranded DNA genomes. STSV1 has a sin-
gle putative origin of replication based on a high AT content and
tandem repeats (4), but similar replication origins for the other
viruses have not been identified. Overall, little is known about the
replication strategy of large spindle viruses.

September 2015 Volume 89 Number 18

Journal of Virology

Of the 51 to 96 ORFs in each genome, a core set of 9 ORFs is
shared among all or most viruses. The core gene set encodes six
proteins that are shared by all five viruses, one that is shared by all
but STSV1, and two that are shared by ATSV, ATV, and SMV1
(Fig. 1D). The products of six of the core genes can be assigned
putative functions. These include three ATPases (MoxR-like
ATPase, AAA+ ATPase, and DnaA-like ATPase) (13) and an in-
tegrase from the tyrosine recombinase family. Two virus struc-
tural proteins, including the MCP, are also recognized. The three
proteins lacking functional annotation have some interesting
characteristics suggestive of function, including heptad motifs,
uncharacterized repeats, and putative transmembrane domains.

The largest of these proteins (ATSV ORF64, ATV gp50, SMV1
ORF2028, STSV1 ORF34, and STSV2 ORF31) range in size from
21210257 kDa (1,940 to 2,235 amino acids), and secondary-struc-
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ture predictions suggest a mostly helical structure. These proteins
share multiple strings of heptad repeats, indicative of coiled-coil
motifs (Fig. 1E), suggesting that they may form a homooligomeric
quaternary structure. These proteins also contain longer, loosely
conserved repeats with conserved charged and hydrophobic resi-
dues. Additionally, each protein contains at least two predicted
transmembrane domains, usually in the middle of the protein
(Fig. 1E). The large protein is one of 4 minor structural proteins
detected in STSV1 virions and the only additional protein found
in STSV?2 virions besides the major structural protein. By analogy,
itis likely that this protein is also a component of the other virions.
With the large size and coiled-coil nature of these proteins, they
are likely to be involved in the virus structure.

Cryoelectron tomography of ATV shows a 2-nm filament ex-
tending through the tails (3). The filament is thought to be com-
posed of ATV gp48 protein, another coiled-coil- and repeat-con-
taining virion protein found only in ATV (Fig. 1E). However,
although ATV gp48 forms filaments and interacts with other pro-
teins thought to be involved in tail formation, similar experiments
have not been performed with the ATV large coiled-coil protein
(ATV gp50). Given the similarities, the large coiled-coil proteins
could provide a similar tail development function in the other
large spindle viruses and maybe in ATV as well. Additionally, the
tail fiber structure at the end of the tail in ATV and ATSV (Fig. 1A)
could be composed of the ends of such a filament structure, sim-
ilar to the unfurling of microtubules (3). Coiled-coil and other
repeat motifs have been seen in virus attachment proteins such as
T4 fibritin and hemagglutinin (14). It is reasonable that these large
coiled-coil proteins could be involved in virus attachment to the
host cell as part of the terminal tail fiber-type structure. While a
role in tail formation and/or viral attachment is suggested, addi-
tional genetic and biochemical characterization of this group of
proteins is needed.

While the large coiled-coil proteins are likely involved in the
tail structure and assembly, the complex process of tail formation
suggests that other proteins must be involved as well. ATSV shares
a group of proteins with SMV1 and ATV (but not STSV1 and -2)
that are potentially related to tail development. ATSV, SMV1, and
ATV all contain a MoxR-like ATPase. In ATV, this ATPase has
been implicated in tail formation along with three other virion
proteins (two DNA binding proteins and the coiled-coil-contain-
ing protein gp48) (15). The functions of most MoxR ATPases are
unknown, but some have been shown to be involved in various
chaperone functions such as gas vesicle formation, cell envelope
development, the formation of enzyme complexes, and stress re-
sponse (15, 16). Additionally, ATSV, ATV, and SMV1 each have a
protein containing a C-terminal metal-binding Von Willebrand
factor A (VWA) domain (ATSV ORF22, ATV gp61, and SMV1
ORF759). This domain has been shown to interact with MoxR
ATPases (17). Proteins containing the VWA domain are often
found to mediate protein-protein interactions and enhance
ATPase activity, including in ATV (15, 17). Even though ATSV
and SMV1 have not been shown to produce tails extracellularly, it
is possible that they contain a homologous chaperone-mediated
mechanism of tail assembly using a related set of proteins, includ-
ing the ones mentioned above. Since ATSV and ATV can develop
longer tails (the average tail length of ATSV is 243 nm), perhaps
these shared genes enable ATSV and SMV 1 to develop longer tails
than STSV1 and STSV2, in which tails average only 50 and 68 nm,
respectively, in length.
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The growing number of large spindle viruses and their inter-
esting features led us to search for additional members in the
environmental metagenomic data sets, using the MCP as a signa-
ture. Six viral and 20 cellular metagenomic data sets from Yellow-
stone hot springs (18-20) were queried by BLAST for the presence
oflarge spindle virus-like virus MCP sequences. Relatives of ATSV
(94 to 100% identity), ATV (65%), and SMV1 (70 to 82%) MCPs
were found in DNA metagenomes from 5 hot springs (Fig. 1F).
This analysis suggests that there are at least three groups of large
spindle viruses present in Yellowstone’s diverse hot spring envi-
ronments. Given the diversity of large spindle viruses in Yellow-
stone, searching for large spindle viruses worldwide will no doubt
also yield interesting new members and expand what we know
about this fascinating group of viruses.

The growing number of isolated large spindle viruses has be-
gun to reveal the defining features of this unique group of viruses.
Their structural and genetic similarities necessitate their grouping
into a superfamily. Further studies of these viruses and the addi-
tion of new members are sure to provide additional insight, not
only for this new superfamily of archaeal viruses but for their
respective hosts as well.
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